Survivorship was higher in forest patches than in grasslands, where it showed densitydependence. In forest patches, survivorship was positively related to both patch area and distance from forest edge. Crown breakage was more common in the grassland than in forest patches. In forest patches, it was positively related to crown size, number of conspecific neighbours, and patch area. Adult Araucaria seem to benefit from angiosperm-dominated neighbourhoods relative to isolation in grasslands. Densitydependent effects, known to be widespread among seeds and seedlings, were shown to be important to adult trees as well.
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Introduction
Knowledge of adult tree demography is critical to understand how populations respond to environmental variability. However patterns can be missed because of insufficient sample size or time interval. Only a minority of studies have carried out demographic monitoring for more than a few years, while long-lived groups like conifers may experience negligible growth and mortality over short time scales (Beckert et al. 2014 , Paludo et al. 2016 . Dendrochronological analyses (e.g., Silva et al. 2009 ) allow for long-term assessment of growth patterns, but cannot provide information on survivorship or on ecological determinants of growth other than climatic variables.
Hence, there is an important gap between short-and long-term information on tree demographic patterns and their dependency on ecological factors like habitat type and competition.
In landscapes containing mosaics of grasslands and mixed conifer-angiosperm forests, conifers play a pivotal role as both dominant forest species and as nurse plants facilitating forest succession in the grasslands through nucleation and forest patch edge expansion (Oliveira and Pillar 2005 , Duarte et al. 2007 , Korndörfer et al. 2014 . They have been found to be long-lived pioneers capable of remaining in the community as established adults for centuries (Oliveira et al. 2010 ) but whose degree of shadeintolerance make them dependent upon large-scale disturbances for recruitment opportunities (Enright and Ogden 1995 , Enright et al. 1999 , Poorter et al. 2006 , Brodribb et al. 2012 . They frequently attain large adult sizes, and often form an emergent forest stratum (Souza 2007) . This allows these species to remain dominant in D r a f t 4 the forest community despite their chronic regeneration failure. Understanding conifer demography in forest-grassland landscape mosaics is therefore key to foster ecological knowledge and management of both habitat types in such regions.
Several forces are expected to produce spatial aggregation of conifers colonizing grasslands from forest patches. While forest succession also occurs along forest edges (Oliveira and Pillar 2005) , it may also take place through long-distance dispersal, which is facilitated by isolated trees already established in the grasslands or at forest nuclei (Duarte et al. 2006) . Furthermore, several landscape patterns and processes are patchy and may influence spatial patterns of colonizing tree populations through effects on survivorship and growth. Examples are grassland burning for pasture renewal, past use by indigenous people, and the spatial distribution of rock outcrops, soil moisture, and nutrients (Garbin et al. 2006 , Overbeck et al. 2007 , Carlucci et al. 2011 , Tokuoka and Hosogi 2012 , Reis et al. 2014 , Henderson et al. 2016 ). Conversely, negative density effects are expected to act against aggregation through increased mortality and reduced growth of close neighbors. Although density dependent effects are known to be widespread among seeds and seedlings (Harms et al. 2000) , recent results have found negative effects of close neighbours on survivorship and growth of mature trees (Das et al. 2011 , Lutz et al. 2014 . Competition for soil nutrients (Silva et al. 2009 , Cattaneo et al. 2013 , Primicia et al. 2015 and mortality by natural enemies such as pathogens, seed predators, and herbivores (Bagchi et al. 2010 , Steward and Beveridge 2010 , Modes et al. 2012 , Zandavalli and Dillenburg 2015 are some of the mechanisms underlying such negative density effects. The shallow and open crowns of South American conifers in the Araucaria genus (Fig. 1B-E ) may make them susceptible to light competition D r a f t 5 through encroachment by the denser crowns of angiosperm trees (Pretzsch 2014 ).
However, density may also produce positive effects by reducing wind velocity and increasing mechanical stability of neighbouring trees, thus promoting less wind-induced crown and stem breakage (Gardiner and Quine 2000, Primicia et al. 2015) . Such positive effects should be more important for trees particularly exposed to the stresses imposed by the wind such as those in grasslands and emergent trees in forest patches.
Finally, tree clusters in grasslands may reduce the risk of mortality by lightning (Primicia et al. 2015) . These patterns and processes occur over a continuum of spatial and temporal scales within entire regions and are not easily assessed within the limited time and spatial frames of field studies (Ricklefs 2008) .
In this study, I used aerial photographs and high-resolution satellite imagery to investigate the landscape-scale demography and spatial distribution of the conifer Araucaria angustifolia (hereafter Araucaria) over a 24-year period in a forest-grassland mosaic. I studied the ecotone between the mixed conifer-angiosperm forests and Pampa grasslands of southern Brazil. Landscapes in this region are characterized by speciesrich grasslands and forest patches of varying sizes (Souza et al. 2012 ). Specifically, I tested the following hypotheses on adult Araucaria: 1) In forest patches, survivorship and growth are higher near forest edges and in smaller forest patches compared to larger forest patches. Forest edges and small forest patches are shorter and more open than larger patches, and also have fewer shade-tolerant species (Laurance et al. 2011 ). This hypothesis was based on the premise that in forest edges and smaller forest patches the competitive pressure from the angiosperms on Araucaria for resources (e.g., light and nutrients) is reduced relative to larger forest patches and patch core areas. 2) Trees D r a f t 6 would exhibit aggregated spatial pattern at larger scales but random or less aggregated spatial patterns at small scales (< 500 m) in grasslands, if negative density-dependent processes weaken the spatial aggregation of trees in this habitat. 3) Survivorship and growth are greater in grasslands relative to forest patches due to more light and soil nutrients availability in the grasslands; 4) Positive density effects reduce the occurrence of crown breakage in grasslands but not in forest patches. This hypothesis is based on the premise that trees in grasslands are more dependent on conspecific neighbours for mechanical stability than trees in forest patches. 5) Negative density effects reduce tree survivorship and growth in both forest patches and grasslands, but the effects are weaker in forest patches where I expect competition with angiosperms to override intraspecific effects. This expectation is based on the premise that the shallow and open crowns of Araucaria angustifolia may be encroached by the denser crowns of angiosperm trees.
Materials and methods

Study area and species
The studied forest-grassland system lies in southern South America near 30ºS ( (Streck et al. 2008 ). Forest composition is transitional between the floras of southern and eastern South America, with ca. 30% of individual trees belonging to species restricted to austral-Antarctic and chilling-prone southern South America (Gonçalves and Souza 2014) . Larger mixed conifer-angiosperm forest patches are rich in woody species and frequently dominated by Araucaria, despite extensive timber logging in the past ca. 150 years. Smaller patches (originated either from fragmentation or nucleation) are degraded by unregulated multiple use by farmers. These patches are thus kept at early successional stages, with higher angiosperm tree density, reduced basal area and hampered natural regeneration (Souza et al. 2012 ). In the last decades grasslands have been replaced by agriculture as well as by forest expansion, the latter occurring as a network of small patches in close contact with other land uses (Matos et al. 2016) . Grasslands are occasionally burned by ranchers (Overbeck et al. 2007 , Henderson et al. 2016 , and punctuated by rock outcrops (Carlucci et al. 2011) . They become colonized by Araucaria trees, which eventually form clusters and act as nurse trees in forest nucleation (Duarte et al. 2006) . Forest patches do not experience burning, partly due to their closed-canopy physiognomy, the rainy regional climate, and the lack of silvopasture practices.
A dioecious and anemophilous species, Araucaria have dome-shaped architecture with shallow and open crowns (Fig. 1B-E) . They produce large seeds that are heavily consumed and dispersed by an array of birds and mammals (Hartz et al. 2012) . Despite their ability to withstand shade as seedlings (Duarte and Dillenburg 2000) , they have D r a f t 8 been shown to be long-lived pioneers that require extensive canopy openings to reach maturity and whose abundance is negatively related to the abundance of angiosperm trees (Souza 2007 , Souza et al. 2008 , 2014 . Information on specific angiosperm competitors is not yet available, partly due to the large number of potential competitor species (Souza et al. 2012) found 156 angiosperm species in the study area and surrounding forest patches).
Data collection
To assess demographic changes in the Araucaria populations, I compared aerial In grasslands the number of Araucaria was relatively low and it was thus possible to mark all trees found in the images. In forest patches, however, Araucaria was much more abundant, forming nearly monospecific canopies in some forest patch sectors.
A procedure was thus established, using virtual transects to sample the Araucaria in forest patches with more than 50 individuals. The virtual transects were drawn and "sampled" on the aerial photographs using ArcGIS, not in the field. Araucaria whose crowns touched the transect were included in the sample, and additional parallel transects were used until a maximum of 50 trees per patch were sampled. In total, 41 virtual transects were used. Individual Araucaria sampled in the aerial photographs were assigned to a habitat category (grassland or forest), and measured for crown diameter, distance from the forest edge (for trees within forest patches only), and number of conspecific neighbours of first and second orders (described below). Crown diameters were measured using the "circle" tool in the Autodesk Map® 3D 2005 software. Araucaria crowns were clearly distinguishable from the background forest canopy or grassland due to their distinctive dome-shaped crowns. A first-order neighbour was defined as a tree whose crown touched or overlapped with the crown of a focal tree, while a second-order neighbour was a tree whose crown touched or overlapped the crown of a first order neighbour. The number of first-and second-order neighbours was used as a proxy for density effects.
Some forest patches (23.9% of 163 patches) were not entirely included in the aerial photographs, as is inevitable in such images. The areas of forest patches were thus estimated using the same 2007 Quickbird satellite image I used for georeferencing, which included the patch areas missing in the aerial photographs. This image was used exclusively for the two purposes of georeferencing and estimating the areas and perimeters of those forest patches whose images were not entirely in the aerial 
Data analysis
The parts of hypotheses 1 and 3 related to survivorship, and hypothesis 4 were tested using Generalized Linear Models (GLMs) with binomial errors, using survivorship or crown breakage occurrence as dependent variables. The part of D r a f t 12 hypotheses 1 and 3 related to crown growth were tested with Linear Regression.
Hypothesis 2 was tested with a G-test and an ANOVA. Hypothesis 5 was tested with spatial point pattern analysis, which was also used to describe the spatial structure of the dependent variables in general. All analyses were carried out with software R 3.1.2 (R Core Team 2014). The relative degree of edge exposure for each forest patch was estimated using the non-dimensional shape index SI calculated as image
where P is the length of the patch's perimeter in m, and A is the patch's area in m 2 (Terborgh et al. 2006) . SI is considered an index of the degree of relative edge such that forest patches with high SI (elongated polygons) have relatively more edge than islands
with SI values approaching 1 (circular).
In Araucaria, crown growth is highly correlated with diameter growth (Nutto et al. 2005) . Annual crown diameter growth per individual was calculated as: (Df -Di) ⁄t
where Df is the final diameter (cm), Di is the initial diameter at the start of the interval, and t = 24 years. I used the absolute growth rate as opposed to the relative growth rate (growth relative to initial size), which is sometimes used in studies of short-lived plants.
However, the relative growth rate is less useful for the analysis of tree growth. This is because of an initial very rapid decline in RGRs with increasing tree size, which is caused by accumulation of non-photosynthetic material such as stems, branches, and roots (Bowman et al. 2013) . Trees that suffered reduction in crown diameter (hereafter crown shrinkage) from 1984 to 2008 were analyzed separately from those that exhibited growth. I used crown shrinkage as a proxy for crown breakage, a reasonable assumption for the studied species (Nutto et al. 2005) . Spatial autocorrelation in dependent variables was tested using Moran's I correlograms with twenty 500 m classes through function D r a f t 13 sp.correlogram of the spdep package (Bivand and Piras 2015) . I found significant spatial autocorrelation for all dependent variables.
In order to choose the modeling approach that best accounted for the spatial autocorrelation in the data, I compared three different autocorrelation descriptors. First, I fitted a Generalized Linear Mixed Model (Zuur et al. 2009 ) to the data using the environmental variables as fixed factors and the affiliation of each individual Araucaria to either one of the two 1984 aerial photo mosaics as a random factor. Second, I fitted the data to autologistic or autonormal Generalized Linear Models (Besag 1974) . Finally, I fitted the data to a GLM to which I added up to fifth-degree polynomial terms of the coordinates to the explanatory data (Borcard et al. 2011) . Spatial autocorrelation analysis of residuals from each model was performed using Moran's I correlograms as described before, and the modeling approach that best controlled for spatial dependency was chosen. I only report results from polynomial GLMs, since only these produced residuals with no spatial autocorrelation. In all cases a full model was fitted first, indicated that Araucaria trees in the grassland 4 were significantly aggregated at all scales, and that aggregation increased from small scales up to ca. 300 m (Fig. 3A) .
Bivariate point pattern analysis of Araucaria trees in the grassland and in forest patches produced L 12 (r) values smaller than the confidence interval for all tested spatial scales (Fig. 3B ). This result indicated statistical independence between these two tree groups in space.
Survivorship between 1984 and 2008 was generally very high, but it was significantly higher among trees in forest patches (96.7%) than in the grassland (90.7%, G-test = 12.98, df = 1, P < 0.00032). Surviving trees in the grassland and in forest patches showed repulsion at distances around 100 m, where values of L 12 (r) were smaller than the null hypothesis confidence interval (Fig. 3C) . Survivorship in the grassland showed no spatial autocorrelation, but significant density-dependence, being negatively related to the number of first-order conspecific neighbours, according with the best GLM model 5 (Fig. 4) . In forest patches, survivorship was not related to neighbour density, but increased with patch area and with distance to the forest patch edge 3 (Fig. 4) . Spatial autocorrelation in the survivorship of trees in forest patches was accounted for using the inclusion of third-degree polynomials in the GLM model. Average crown growth over the 24-year period was 3.44 ± 2.50 m (0.14 ± 0.10 m year -1 ), and did not differ between trees in the grassland and in forest patches (ANOVA, F = 0.97, P = 0.32). In the grassland crown growth was spatially uncorrelated (Fig. 3D) and not related to any of the explanatory variables examined (R 2 = 0.02). In forest patches, crown growth was negatively related to initial crown diameter in a linear regression model and exhibited a complex spatial structure, with the final model retaining fifth-degree polynomials (R 2 = 0.29, Table S1 ). Residual spatial autocorrelation in this model was negligible (Moran's I = 0.11), with only one significant value that was not considered biologically significant given the large sample size (Koenig 1999) .
A total of 30.1% of the trees that survived over the 24-year study period exhibited crown breakage. Crown breakage was almost twice as common in the grassland (48.72% of surviving trees) as in forest patches (27.26%, G-test = 33.81, P < 0.001). Crown breakage occurrence in the grassland was positively related to initial crown size and showed spatial dependency accounted for by third-degree polynomials (Tables S1 and S2 ). Crown breakage occurrence in forest patches was positively related to initial crown size, number of first-order neighbours, and patch area, and negatively related to second-order neighbours, showing spatial dependency accounted for using fifth-degree polynomials (Tables S1 and S2 (Fig. 3E ). This result indicated repulsion between these two tree groups at these scales.
Discussion
In this study I detected landscape-scale demographic and spatial patterns in the dominant conifer Araucaria angustifolia over a time interval (24 years) that, although short relative to conifer's lifespan ), is substantially longer than most demographic studies in the literature. Long-lived groups such as conifers may present negligible growth and mortality over the few years during which most research projects carry out demographic monitoring (Silva et al. 2009 , Beckert et al. 2014 , Paludo et al. 2016 ). Dendroecological studies span longer time-scales but do not allow for the assessment of survivorship or its relationship with habitat variables like forest patch size. Conifer demography in mixed forests has been successfully explained in the framework of the long-lived pioneer ecological strategy (Enright and Ogden 1995 , Enright et al. 1999 , Poorter et al. 2006 , Brodribb et al. 2012 . In this framework cohorts of large-sized, long-lived, and light-demanding conifers establish following severe disturbances. They are followed by successive cohorts of angiosperm species that dominate the forest understory and suppress conifer regeneration, which becomes restricted to formed by multiple treefall gaps. Because of their longevity and large sizes, conifers remain dominant in these forests for long time periods (frequently centuries, Oliveira et al. 2010) , although demographically functioning as remnant populations that lack sufficient regeneration. While substantial evidence supports the regeneration D r a f t 18 component of this model (Duarte and Dillenburg 2000 , Souza et al. 2008 , Steward and Beveridge 2010 , Paludo et al. 2016 , our understanding of the demography of adult trees is limited.
My first hypothesis stated that survivorship and growth are increased near forest edges and in smaller forest patches compared to larger patches. However, whereas the regeneration of long-lived pioneers has been shown to be hampered by competition with broad-leaved species (Duarte et al. 2002 , Souza 2007 , Souza et al. 2008 , adult
Araucaria seemed to benefit from angiosperm-dominated neighbourhoods.
Survivorship decreased near forest edges, in accordance with findings for late seral forest species (Laurance et al. 2011) . Forest edges have increased exposure to windshear, windstorms, and wind turbulence which sharply elevate rates of tree mortality and damage (Laurance et al. 2011) , and make the edge environment more similar to open grasslands, which had lower rates of survivorship. This indicates the emergent canopies adult Araucaria form above the lower angiosperm canopies (Souza 2007 ) probably precludes competition with angiosperms for light (Poorter et al. 2006 , Pretzsch 2014 ). This idea is reinforced by the lack of relationship between Araucaria crown growth and distance to forest edge and patch area, contrary to my first and second hypotheses, as well as by the reduced chances of crown breakage in Araucaria trees with angiosperm-dominated neighbourhoods. Larger forest patches have larger and taller emergent conifers (Souza 2007 , Souza et al. 2012 , and this is likely to increase crown exposure of adult Araucaria. The main cause of adult Araucaria death in forests is tree fall during windstorms (Beckert et al. 2014) . Therefore, neighbouring angiosperm canopies may produce positive effects by reducing wind-induced crown and D r a f t 19 stem breakage through increased mechanical stability, mainly in larger and undegraded patches (Gardiner and Quine 2000, Primicia et al. 2015) .
Crown growth exhibited complex spatial structure as indicated by the fifthdegree polynomials needed to produce homogeneous residuals in the linear regression.
This may indicate that several non-measured factors influence growth, such as genetic variation (Harding and Woolaston 1991) , species composition of tree neighbourhoods (Liu et al. 2012) , structural development of forests (Souza and Martins 2006) , and pathogen infestation (Steward and Beveridge 2010 , Modes et al. 2012 , Zandavalli and Dillenburg 2015 . Furthermore, dendrochronological analyses have shown that drought and high temperatures can limit growth of Araucaria in both grasslands and forests (Silva et al. 2009, Zanon and Finger 2010) . Climatic factors, however, are unlikely to have had a major influence on growth in my study because the study period was rainy with mild temperatures relative to the early 20 th century in the São Francisco de Paula region (Silva et al. 2009 ).
My second hypothesis, stating that trees should present aggregated spatial pattern at larger scales but random or less aggregated spatial patterns at small scales (< 500 m) in grasslands, was confirmed. Araucaria seeds are dispersed into grasslands by birds (Duarte et al. 2007 , Hartz et al. 2012 ) and find safe sites in rock outcrops (Carlucci et al. 2011) and in the understory of isolated trees and shrubs (Duarte et al. 2006) . These elements are clustered in natural landscapes (Tokuoka and Hosogi 2012) . Furthermore, coarse-scale factors that promote establishment and growth, such as soil nutrients and moisture, often occur as patches (Garbin et al. 2006 , Matos et al. 2016 . The maximum aggregation of Araucaria at scales larger than 300 m likely reflects recruitment D r a f t 20 structuring by such large-scale factors, coupled with human effects like periodic grassland burning for pasture renewal and cattle grazing (Henderson et al. 2016) . Early indigenous people historically managed species of the genus Araucaria as a strategic food resource (Reis et al. 2014) . However, it is unlikely that current Araucaria distribution patterns reflect hunter-gatherer activities due to widespread logging of Araucaria during the 19 th and 20 th centuries (Cabral and Cesco 2008) . Contemporary grassland disturbance through fire and cattle management, on the other hand, is believed to prevent forest expansion by suppressing tree establishment (Blanco et al. 2014) . In grasslands protected from these disturbances, forest succession is widespread along forest patch edges (Oliveira and Pillar 2005) . Indeed, generalized forest expansion has taken place in southern Brazilian grasslands in the last decades due to land ownership concentration and rural exodus (Matos et al. 2016) . The repulsion or lack of association I found between trees in the grasslands and in forest patches may result from suppression of forest succession along forest edges by landowners activities, blurring the spatial signature of grassland colonization from forest patches.
My third hypothesis stated that survivorship and growth should increase in grasslands relative to forest patches. However, survivorship was lower in the grassland than in forest patches. Furthermore, Araucaria abundance in the grassland was much lower than in forest patches, and crown breakage was almost twice as common in the grassland than in forest patches. These results suggest that, despite Araucaria being the main nurse plant colonizing the grasslands and leading forest nucleation (Korndörfer et al. 2014) , grasslands represent harsh habitats for this species. Trees in grasslands are exposed to strong winds, lightning, and human-induced fire (Blanco et al. 2014 , Primicia et al. 2015 , Henderson et al. 2016 . Trees in the grassland may also suffer from nutrient limitation (Silva et al. 2009 , but see Garbin, Zandavalli & Dillenburg 2006 .
These results thus contradict my fourth hypothesis, that positive density effects reduce the occurrence of crown breakage in grasslands, but not in forest patches. The mechanism underlying this hypothesis, that tree neighbours may produce increased mechanical stability, seems to hold true in forest patches but not in grasslands. An important implication is that Araucaria conspecifics in neighbourhoods are unlikely to exert positive density effects, while angiosperm neighbourhoods, as commented above, may have positive rather than negative effects.
My fifth hypothesis stated that negative density effects should reduce tree survivorship and growth in both forest patches and grasslands, but the effects are weaker in forest patches. This hypothesis received partial support, since survivorship (but not growth) in the grassland was negatively correlated with density. Competition for soil nutrients (Silva et al. 2009 , Cattaneo et al. 2013 , Primicia et al. 2015 and overcompensating mortality by natural enemies such as pathogens, seed predators, and herbivores (Bagchi et al. 2010 , Steward and Beveridge 2010 , Modes et al. 2012 , Zandavalli and Dillenburg 2015 are some of the mechanisms that may underlie such negative density effects. Lower density of mycorrhizal fungi in grasslands relative to forests (Breuninger et al. 2000, Leal and Lorscheitter 2007) may reduce nutrient uptake by mature Araucaria trees, which are dependent on fungal mutualists for nutrient supply and growth (Zandavalli et al. 2004) . Supposed positive density effects through reduced wind-induced crown and stem breakage or dilution of lightning probability are unlikely to occur or prevail in grasslands. Negative density dependent effects, on the other hand, D r a f t 22 may contribute to the reduced spatial aggregation of trees at small spatial scales in grasslands through reduced survivorship of neighbouring trees (Lutz et al. 2014) .
Random or weakly aggregated Araucaria distribution may also reflect homogeneous local environments (Souza et al. 2008 , Machado et al. 2012 (Harms et al. 2000) , my results lend support to recent evidence for density-dependent effects acting on the demography of adult trees mediated by their spatial distribution (Das et al. 2011 , Lutz et al. 2014 . Finally, the present results strengthen the argument of Ricklefs (2008) Fitted binomial GLM models and 95% confidence bands (shaded areas) for the survival probability of adults of the conifer Araucaria angustifolia on forest patch area and distance to forest edge in forest patches and on the number of conspecific neighbours in grasslands in southern South America.
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